The ultrastructural functions of the electron-dense glycopeptidolipid-containing outermost layer (OL), the arabinogalactanmycolic acid-containing electron-transparent layer (ETL), and the electron-dense peptidoglycan layer (PGL) of the mycobacterial cell wall in septal growth and constriction are not clear. Therefore, using transmission electron microscopy, we studied the participation of the three layers in septal growth and constriction in the fast-growing saprophytic species Mycobacterium smegmatis and the slow-growing pathogenic species Mycobacterium xenopi and Mycobacterium tuberculosis in order to document the processes in a comprehensive and comparative manner and to find out whether the processes are conserved across different mycobacterial species. A complete septal partition is formed first by the fresh synthesis of the septal PGL (S-PGL) and septal ETL (S-ETL) from the envelope PGL (E-PGL) in M. smegmatis and M. xenopi. The S-ETL is not continuous with the envelope ETL (E-ETL) due to the presence of the E-PGL between them. The E-PGL disappears, and the S-ETL becomes continuous with the E-ETL, when the OL begins to grow and invaginate into the S-ETL for constriction. However, in M. tuberculosis, the S-PGL and S-ETL grow from the E-PGL and E-ETL, respectively, without a separation between the E-ETL and S-ETL by the E-PGL, in contrast to the process in M. smegmatis and M. xenopi. Subsequent growth and invagination of the OL into the S-ETL of the septal partition initiates and completes septal constriction in M. tuberculosis. A model for the conserved sequential process of mycobacterial septation, in which the formation of a complete septal partition is followed by constriction, is presented. The probable physiological significance of the process is discussed. The ultrastructural features of septation and constriction in mycobacteria are unusually different from those in the well-studied organisms Escherichia coli and Bacillus subtilis.
T he presence of a bilayered plasma membrane and a triplelayered cell wall, constituted by an electron-dense outermost layer (OL) containing mostly glycopeptidolipids (11, 37) , an electron-transparent layer (ETL) below, consisting of an arabinogalactan-mycolic acid complex (22, 36) , and an electrondense peptidoglycan layer (PGL), has been observed and characterized through ultrastructural and biochemical studies in Mycobacterium smegmatis (7, 12, 16, 27) , Mycobacterium xenopi and other mycobacterial species (reviewed in references 2, 17, 24, and 27), Mycobacterium tuberculosis (3, 9, 33 ; reviewed in reference 5), Mycobacterium leprae (33) , and Mycobacterium kansasii (25, 27) . Numerous studies had been carried out on the ultrastructures of the OL, ETL, and PGL, their molecular compositions, and the probable roles of these layers in the physiology, pathology, and virulence of different mycobacterial species (6-8; reviewed in references 3 and 5). However, the functional roles of these layers in cell division remained unclear. Studies on mycobacterial cell division (reviewed in reference 14) using transmission electron microscopy (TEM) for Mycobacterium lepraemurium (18) , M. leprae (10, 15) , Mycobacterium avium (26) , and M. vaccae (32) showed the formation of a complete septal partition during cell division, followed by constriction to generate two daughter cells. Transmission and scanning electron microscopic studies on Mycobacterium vaccae (32) and M. tuberculosis (9) cells, and fluorescence microscopic studies on M. smegmatis and M. tuberculosis (34) , showed the presence of low proportions of "V"-shaped cells during the final stages of division. Similar "V"-shaped cells had been observed previously for Arthrobacter atrocyaneus (31) and Arthrobacter crystallopoietes (20) , but in higher proportions. The "V"-shaped cells were found to undergo division at the connecting point through the rupture of outer layers to generate daughter cells.
Although the morphological aspects of the formation of a septal partition, constriction, and physical separation of daughter cells have been examined, the ultrastructural aspects of the participation of the OL, ETL, and PGL in the formation of the septal partition and constriction during cell division remain to be understood. Therefore, in the present study, a comprehensive and comparative ultrastructural analysis was performed in order to find out how and in what sequence the OL, ETL, and PGL participate in the formation of a septal partition and in constriction in mycobacteria. The fast-growing saprophytic species M. smegmatis, the slow-growing opportunistic human pathogen M. xenopi, and the slow-growing human pathogen M. tuberculosis were chosen as the experimental systems. The present study essentially involved confirmation of the consistent and reproducible presence of the OL, ETL, and PGL in the sections of M. smegmatis, M. xenopi, and M. tuberculosis samples, as described by others (3, 5, 7, 12, 27, 33) . Subsequently, detailed documentation and crosscomparisons were carried out on the mode and sequence of participation of the OL, ETL, and PGL in septal partition formation and constriction events in the three species in order to find out whether these processes are conserved across different mycobacterial species. Models were proposed for these events in M. smegmatis and M. xenopi, in comparison to the deviations in M. tuberculosis. Finally, striking differences in septal partition and constriction between mycobacteria, on the one hand, and Escherichia coli and Bacillus subtilis, on the other, were shown. grow from the E-PGL. The S-PGL is connected to the E-PGL, but the S-ETL is separated from the E-ETL by the presence of the E-PGL. The S-ETL is flanked by the S-PGL (one layer on each side).
MATERIALS AND METHODS

Bacterial
ously (32) . In brief, the cells were fixed in 1% (vol/vol) osmium tetroxide buffered with 0.15 M cacodylate buffer (pH 7.2) for 1 h at room temperature, washed once with the same buffer, and postfixed for 2 h at room temperature in 0.15 M cacodylate buffer (pH 7.2) containing 2% (wt/vol) tannic acid (to stain the outermost layer, with background staining with lead citrate) and 2% (vol/vol) glutaraldehyde. The cells were then washed once with the buffer, refixed in 1% (vol/vol) osmium tetroxide overnight at 4°C, dehydrated in a graded series of ethanol, and embedded in LR White resin. Ultrathin sections were stained with 0.5% uranyl acetate and 0.04% lead citrate and were observed under a JEOL-100 CX II electron microscope at 80 kV.
RESULTS AND DISCUSSION
Ultrastructural features of the OL, ETL, and PGL in M. smegmatis, M. xenopi, and M. tuberculosis. To begin the study, the consistently reproducible and distinct presence of the OL, ETL, and PGL of the mycobacterial cell envelope was ascertained in the M. smegmatis, M. xenopi, and M. tuberculosis TEM samples (100 septating cells of each species) (Fig. 1A , B, and C, respectively). The ultrastructural profile of the triple layers remained unaltered in cells cultured in the presence or absence of Tween 80 (data not shown), indicating that the observations reported in this study were not influenced by culture conditions. M. leprae from mouse lymph node and other infected tissues (10, 15) , M. avium grown in Middlebrook and Cohn 7H9 medium with Tween 80 (26) , and M. vaccae grown in heart infusion broth (32) also showed the same profile of a triple-layered cell wall, irrespective of different culture conditions. The transmission electron micrographs in Fig. 1 confirmed previous observations on the ultrastructural features of the triple layers of M. smegmatis (7, 12, 27) , M. xenopi (27) , and M. tuberculosis (3, 5, 33) . Recently, cryoelectron tomography (CET) (16) and cryoelectron microscopy of vitreous sections (CEMOVIS) (37) have revealed that the OL of mycobacteria consists of two layers, instead of the one layer revealed by conventional TEM. However, the topologies of the PGL and ETL/electrontransparent zone (ETZ), which were revealed by conventional TEM, have not yet been clearly assigned using the CET or CEMOVIS method. Further, the presence of glycopeptidolipids in the OL (outer membrane) had been demonstrated by both conventional TEM (11) and CEMOVIS (37) . Thus, studies using the CET (16) and CEMOVIS (37) methods have supported and/or added more detail to the ultrastructural features of the mycobacterial cell envelope revealed by conventional TEM.
Ultrastructure of septal-partition formation and constriction in M. smegmatis, M. xenopi, and M. tuberculosis. In order to differentiate the roles of the PGL and ETL of the septum from those of the PGL and ETL already existing in the envelope, it was necessary to distinguish between them. Therefore, the PGL and ETL of the freshly synthesized septum were called the septal PGL (S-PGL) and septal ETL (S-ETL), respectively. Similarly, the envelope PGL and ETL were called the E-PGL and E-ETL, respec- respectively. The E-PGL is not present between the S-ETL and E-ETL. Note that in the very early stage of the initiation of septal partition, the S-PGL and S-ETL grow continuously with, and connected to, the E-PGL and E-ETL, respectively (A).
tively. In septating M. smegmatis ( Fig. 2A and B) and M. xenopi ( Fig. 2C and D) cells (n ϭ100), both the S-PGL and S-ETL were found to grow from the E-PGL, but without the growth or invagination of the E-PGL. Although the S-PGL was connected to the E-PGL, the S-ETL was not continuous with the E-ETL, due to the presence of the E-PGL between the S-ETL and E-ETL in all the samples examined (Fig. 2) . Examination of more septum initiation images of M. smegmatis and M. xenopi clearly showed that the S-ETL is separated from the E-ETL by the E-PGL in both M. smegmatis and M. xenopi (see Fig. S1A to D and E to H, respectively, in the supplemental material). However, in M. tuberculosis, the E-PGL was not present between the E-ETL and S-ETL, and therefore, there was no partitioning of the S-ETL from the E-ETL in any of the samples (50 early septating cells) (Fig. 3) . Even images of very early initiation of septation in M. tuberculosis showed the absence of the E-PGL between the S-ETL and E-ETL (Fig. 3A and  B) , in contrast to the pattern in M. smegmatis and M. xenopi. The presence of a thick E-ETL, which is characteristic of M. tuberculosis, may be noted in these images. Thus, the growth of the S-PGL and S-ETL was continuous with that of the E-PGL and E-ETL, respectively (Fig. 3) . The S-PGL and S-ETL grew in parallel, with the S-PGL flanking the S-ETL, and progressed to completion to generate a complete septal partition in M. smegmatis, M. xenopi, and M. tuberculosis cells (see the top, center, and bottom panels, respectively, of Fig. S2 in the supplemental material) . The septal partition in M. tuberculosis cells was found to be much wider than those in M. smegmatis and M. xenopi cells. Only subsequent to the formation of a complete septal partition was septal constriction initiated by the growth and invagination of the OL into the S-ETL of the septal partition in M. smegmatis, M. xenopi, and M. tuberculosis cells (Fig. 4A, C , and E, respectively). In M. smegmatis and M. xenopi cells, with the growth and invagination of the OL into the S-ETL, the E-PGL, which separated the S-ETL from the E-ETL, disappeared, and the S-ETL became continuous with the E-ETL (Fig. 4A and C, respectively) . Septal constriction progressed further toward division in M. smegmatis, M. xenopi, and M. tuberculosis cells (Fig. 4B, D, and F, respectively) . Because an ultrastructural profile, and not a molecular profile, of septation was the focus of the study, the locations of mycobacterial cell division proteins in these cells were not determined.
Similarities and differences in septal-partition formation and constriction. The data in the present study demonstrate that the ultrastructural features of the mode and sequence of participation of the OL, ETL, and PGL in the formation of a septal partition and constriction are similar in M. smegmatis, M. xenopi, and M. tuberculosis cells. Further, straight, diagonal, or curved septal partition could be observed across the length of the septating cells in all three species (see Fig. S2 in the supplemental material). As in these three species, the formation of a complete septal partition, either straight, diagonal, or curved, prior to constriction had been observed in cell division studies on M. lepraemurium (18) , M. smegmatis (1), M. leprae (10, 33) , M. vaccae (32) , M. avium (26) , and several other mycobacterial species (19) . Similarly, septal constriction was also initiated by the OL in an identical manner, by growing and invaginating into the S-ETL, in all three species. In spite of such conservation of ultrastructural features of septalpartition formation and constriction across a large number of mycobacterial species, some specific differences could be observed between M. tuberculosis and M. smegmatis/M. xenopi cells. One of the notable differences was that the E-PGL, which formed a partition between the S-ETL and the E-ETL in M. smegmatis and M. xenopi cells, and persisted until the formation of a complete septal partition and the initiation of constriction, was absent in M. tuberculosis cells (compare Fig. 2 with Fig. 3) . Another was that, in contrast to the circumferential constriction in M. smegmatis and M. tuberculosis cells, constriction in M. xenopi always occurred only from one plane of the septating cell (see vaccae (32) , M. smegmatis (34) , and M. tuberculosis (9, 34) and in higher proportions in Arthrobacter atrocyaneus (31) and Arthrobacter crystallopoietes (20) . In fact, we observed low proportions of "V"-shaped M. smegmatis, M. xenopi, and M. tuberculosis cells undergoing the "snapping mode" of cell separation (see Fig. S4A and B, C and D, and E, respectively, in the supplemental material).
Model for mycobacterial septal-partition formation and constriction. Taking into consideration the close similarities between the ultrastructural features of formation of the septal partition and constriction in M. smegmatis and M. xenopi, and the difference observed with M. tuberculosis, models for the processes in M. smegmatis and M. xenopi cells (Fig. 5A to C) and in M. tuberculosis cells (Fig. 5D to G) are proposed. The formation of a complete septal partition prior to the initiation of constriction in this model is consistent with the observations made in studies of cell division in M. leprae (10) , M. avium (26) , and M. vaccae (32) . It is noteworthy that these features are strikingly absent in the ultrastructural profile of septation in Escherichia coli (4) and Bacillus subtilis (28) , where no complete septal partition is ever formed and septal growth and constriction occur together (see Fig. S5A and B, respectively, in the supplemental material). Since our study was focused on the participation of triple layers in septal partition and constriction, and not on the rupture of the outer layer during the physical separation of cells, the "snapping postfission" mode of division was not incorporated in the model.
Physiological significance of the unusual mode of mycobacterial septation. The observations made in the present study on M. smegmatis, M. xenopi, and M. tuberculosis cells, and analyses of data from earlier studies of cell division in other mycobacteria (18) , M. leprae (10, 15) , M. avium (26) , and M. vaccae (32) , warrant discussion of the probable physiological significance of the unusual ultrastructural features of septal-partition formation and constriction in mycobacteria. The formation of a complete septal partition prior to constriction and the protection of the site of septal partition by the OL until the complete formation of the partition may confer an evolutionary advantage on mycobacteria, probably due to two conditions. First, unlike E. coli and B. subtilis, which grow and divide in about 20 min, mycobacterial species grow slowly. While M. xenopi divides once in 24 h (30), M. tuberculosis divides once in 18 h in vivo (23) , and M. leprae divides once in 13.5 days (21) . Even the so-called "fast-growing" species M. smegmatis takes about 3 h to divide once (13) . Second, pathogenic species, such as M. xenopi (29) , Mycobacterium ulcerans (35) , M. tuberculosis, and M. leprae, and nonpathogenic environmental species, such as M. smegmatis, need to survive under adverse conditions in the host system or in the environment. Therefore, the covering of the region of septation by the OL and the holding of two daughter cells together by parental cell envelope layers may give the required strength to the formative nascent polar regions of daughter cells and protect them against adverse environmental conditions during long periods of septation and division. 
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